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For water-breathing animals the most economical nitrogenous excretory product in
enetgetic terms isammonia (fum)and this is generally excreted acrossthe gills. Interrestrial
situations most animals produce less taxic materials, nojably urea and purines. which are
climinated by the excretary organs. Crustaceans are predominantly an aquatic group and
marine and freshwater species conform (o the above pattern in excreting ammonia (ium),
Most umphibious species generally have frequent recourse to water and show little change
in the basic aquatic pattern of excretion. The smali terrestnal forms, notably Amphipoda
and Isopoda and the crab Geograpsus grayi. relain ammoniy excretion but eliminate it as
a gus, The pecarcinid land crabs excrele NH4™ in the urine whilst Birgus latro cxcretes uric
acid in the faeces. Many terrestrial and some aquatic species store purines and may have
purine synthelic abilily. The role of stored purine is unclear but it may act as a N resetve,
an jon store oras a non-toxic buffer when normal ammonia excretion is inhibited, Urea is
not an impertant excretory product and crustaceans appear 10 lack a camplete vrea cycle.
Excretory pallerns are discussed in telation to the evolutionary fistory of the group,
Nitragenous excretion, Crustacea, ammaonia, terrestrial Crustacea, uric acid

Peter Greenaway, School of Biological Science, University of New South Wales, 7.0, Box

1, Kensington, New Sonth Wales 2033, Australia; 6 Julv, 1994,

The form inwhichanimals excrete waste nitro-
gen and the route, or mechanisms. by which it is
eliminated are quite labile, but there are several
underlying factors which strongly affect the
mechanism emploved. Firstly, mctabolism of
protein yields ammonia', typically from trans-
amination and deamination reuctions, and the
mctabolically cheapest form of excretion is am-
monia. Sccondly, ammonia is toxic to animals,
especially higher vertebrates (Campbell, 1973),
although less so to crustaceans which may main-
tain ammonia concentrations appreciably higher
than in veriebrates (Table 1), Thirdly, NH; 15
highly diffusible and cannol be contained or
concentrated by cells, but in the ionic form it can
be concentrated and transported by the usual ion
transport mechanisms. In body fluids most am-
monia is protonated (NH,") and within the usual
range of pH only around 19 will be present as
NH,. Elevated [NH,'] however, leads ta eleva-
tion of [NH,] with resultant toxic effects, sa that
ammonia cancentrations must be kept within a
toleruble range. Rapid excretion into large
volumes of water avoids any build vpin concen-
tration. For these reasens, amnionia excretion is
considered to be the preserve of water-breathers

' In this review NHj3 refers to molecular ammonia.
NH." 1o ammonium jons, and ammonia to the sum
of both (=total ammonia).

which can cconomically cxcrete their waste in
the form in which it is produced.

Other forms of waste nitrogen are also elimi-
nated by animals, chiefly purines and urea, but
these have several sclective disadvantages. They
arc more complex molecules and their synthesis
requires encrey and also elaborate enzyme sys-
tems {Hartenstein, 1968). This extra metabolic
cost is only outweighed under conditions con-
sidered inudequate for safc cxcretion of am-
monid, i.e. on land, especially in mesic and xeric
habitats where waler availability is limited.

The generalised pattern seen in animalsthenis
as follows: water-breathers are ammonotelic ex-
creting NH,/NH," across suitable surfaces, vsu-
ally the gills; terrestrial forms (particularly
arthropods) excrete purines or, less commonly,
ured, and any NH/NH," excretion is small and
is often primarily a function of acid-base regula-
tion.

The Crustacea are predominantly an aquatic
group with the major radiation in the sea but with
a substantial number of species in freshwater and
only a fcw on land. Most specics have spent their
whole evolutionary history in water and am-
monotelism is expected to be the standard pat-
tern of excretion. The terrestrial forms would be
expected to excrete one of the more complex,
less toxic, compounds, The extentio which these
predictions hold is examined below. Whilst
water availability in the habitat is normally an
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TABLE 1. The concentration of ammonia in the haemolymph of a range of crustaceans.

Species Ammonia pH Source
mmol.L!
Callinectes sapidus 039 7.98 Cameron and Batterton (1978)
Callinectes sapidus 0.011 NH3 Kormanik and Cameron (1981b)
0.82 NHa”
Carcinus maenas 09 Binns (1969)
Uca pugilator 20.0 Green et al. (1959)
Cardisoma carnifex 1.6 7.49 Wood et al. (1986)
Geograpsus grayi 2-3 7.59 Greenaway and Nakamura (in press)
Gecarcoidea natalis 2-4 7.55 Greenaway and Nakamura (in press)
Cherax destructor 0.1 Fellows and Hird (1979)
Notostomus gibbosus 217 7.52 Sanders and Childress (1988)
Porcellio scaber 1.5 Wieser and Schweizer (1972)

over-riding determinant of the excretory mecha-
nism employed, there are certain other factors
which may be important in determining ex-
cretory rates and patterns in Crustacea. These
include the moult (at which time there is consid-
erable catabolic and anabolic activity involving
proteins), the nitrogen content of the diet and
metabolic rate (including effects of temperature
and season). Additionally, where ammonium is
excreted in exchange for cations in the water the
salinity of the latter may be important as
osmoregulatory requirements may conflict with
those for nitrogenous excretion. This may affect
migratory species such as Eriocheir sinensis and
prawns as well as species subject to fluctuating
salinities (Regnault, 1987). The taxonomic in-
heritance in terms of available metabolic path-
ways and the length of time a species has spent
in a particular habitat can also exert a major
influence. This review is directed towards the
effects of adaptation to terrestrial habitats on
excretory mechanisms.

EXCRETION IN AQUATIC HABITATS

The formation, detoxification and elimination
of ammonia by aquatic crustaceans has been the
subject of several recent reviews (Kormanik and
Cameron, 1981a; Evans and Cameron, 1986:
Regnault, 1987) and whilst the subject is far from
being totally understood available data are well
documented. In consequence, nitrogenous ex-
cretion in aquatic crustaceans will be reviewed
to provide a basis for the logical treatment of
terrestrial groups.

AMMONIA FORMATION

Ammonia for excretion originates overwhelm-
ingly from the catabolism of amino acids but
minor amounts will result from the degradation
of purines, pyrimidines, and urea of which the
latter may originate from a high intake of ar-
ginine (Fig. 1).

Before the carbon skeleton of an amino acid
can be utilised in the citric acid cycle its amino
group must first be removed. Most commonly
this is achieved by transamination, the transfer
of the nitrogen containing a-amino group to an
a-keto acid. The general reaction is as follows

aming acid

L-a-amino + a-ketogluterate < >a-keto acid + L-glutamate
transaminase

These reactions do not release ammonia but
pass it on to an a-keto acid to form L-glutamate.
Certain amino acids possess other N groups and
these may be removed by deamination followed
by transamination of the amino nitrogen e.g. the
amide groups of asparagine and glutamine.

asparaginase

Asparagine + H20 > Aspartate + NH3

glutaminase

Glutamine + H20 >L-glutamate + NH3

These pathways are believed to be utilised in
some crustaceans (Krishnamoorthy and Srihari,
1973; King et al., 1985). Despite some contro-
versy it is clear that glutamate itself can undergo
oxidative deamination in crustaceans (Chaplin ez
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FIG. 1. Metabolic pathways producing ammonia in
crustaceans.

al., 1965; Bidigare and King, 1981; Batrel and
Regnauit, 1965; Regnault and Batrel, 1987).

GDH

L~gluramate + H:0 < > u—ketoglutarate + NH,

Indeed as glutamate is the only amino acid
from which the a-amino group can rapidly be
removed to release ammonia and the enzyme,
glutamate dehydrogenase is very important in
ammoniogenesis. In many animals, the direction
of the reaction 1s determined by the co-factor so
that oxidative deamination (NH; release) is
stimulated by NAD* whilst the Ieducmg reaction
(NH, uptake) requires NADPH (Lehninger,
1982).

GDH

M0+ L-gluamste + NAD > NHj + NADH « H» o-kewoglutarate

GDH

a-ketoglularate + NADPH + H o NH, > NADP « J{ 0« L-glutamate

In crustaceans the relative concentration of
NAD® and NADH, and substrate concentrations
may determine whether formation or deamina-
tion of glutamate occurs (Batrel and Regnault,
1985; Regnault and Batrel, 1987). Inmost cases
N is transferred to glutamate and its oxidative
deamination will release ammonia into the cell.

Ammonia may also be generated by cata-

bolism of other nitrogenous compounds. Thus
purine and pyrimidine nucleotides may be
brokendown to yield ammonia (Fig. 1), althaugh
the amounts involved are likely to be very small
given the presence of scavenging pathways. Di-
etary intake of these components may necessi-
late some nitrogenous excretion, depending on
the animal’s requirements. In actively working
skeletal muscle, the deamination of AMP results
inammonia production. Whilst AMP-deaminase
has been identified in certain crustaceans its
function is yet to be established (Regnault, 1987)
and the importance of the pathway in overall
ammonia production in crustaceans is unknown.
All these pathways lead to uric acid which may
then be excreted as urate, stored or degraded to
urca or ammonia.

Ammonia may also be produced from urea via
urease, but as a complete synthetic pathway for
ureais lacking in the crustaceans examined (Har-
tenstein, 1970; Claybrook, 1983: Regnault,
1987) available urea is likely to be restricted to
that produced from dietary arginine via arginase
which is present in the midgut gland and gills of
many crustaceans.

arginase
Argnine + H) ———— urea + ornithine

Arginine is an cssential amino acid in
crustaceans that have been investigated (Zandec,
1966; Claybrook, 1983) so that urea from this
source represents a dietary excess rather than a
controllable form of N excretion. Urea will also
be formed as an intermediary compound in uri-
colysis. Thus the possible generation of am-
monia from urea is small.

AMMONIA DETOXIFICATION

In aguatic Crustacea, the major site of excre-
tion is the gills (Kormanik and Cameron, 1981a;
Evans and Cameron, 1986) so the ammonia gen-
erated in metabolising cells must be transported
there for elimination. As the concentration of
ammonia in hacmolymph is high (Table 1), con-
siderable amounts may be carried in this form,
However, if production was high or excretion
was discontinuous, a nan-toxic molecule would
be necessary for transport or temporary storage
of nitrogenous waste, The obvious candidates
are glutamate, the end product of transamination
reactions, and glutamine which offers the advan-
tages both of readily crossing cell membranes
and of doubling the amount of NH, carried. In
vertebrates, glutamine synthetase forms glu-



R MEMOIRS OF THE QUEENSLAND MUSEUM

et ointe o 8 deapdmaran o — B T P e

f -
» KA

—
- AN
ity ¢ e balgplibernie =

MEIANORICAL VBRI

LAY IR AT

R R R R e LA
ity

. Wwaren

FIG. Z. A puthway for ammenia detoxification and
transport i aqualic crustaceans {alter King ef al.,
1985).

tamine in the peripheral tissucs and in this form
waste is transported to the site of elimination
(liver{. ‘There is evidence for a similar glutaminc
detoxification pathway in the crabs Cancer and
Carcinus (Fig. 2) (King ct al., 1935), High levels
of glutaminase in the gills of these crabs arc
presumed to release NH,™ {rom glutamine for
elimination whilst at the site of ammonia genera-
tion (muscle), the levels of glulamine synthetuse
and glutamate dehydrogenase arc high. Glu-
tamine also appears to be an importani vehicle
for ammoniu transport in Paratelphusa hy-
drodromous in freshwater (Krishnamoorthy and
Srihari, 1973). This pattetn does not hold for all
crustaccans, however, as King ef al. (1985)
found hitlle evidence to indicate glutamine
detoxification in cither Homarus or Pandalus.
Evidence favours GDH as the controlling stepin
ammonia excretion (summarised in King ¢t al.,
1985).

The formation of alanine as a detoxification
and transport molecule is also possible as
Crustaceans possess the nccessary enzyme
(alaninc transaminase) and indeed show high
levels of alanine synthesis i vivo (Claybrook,
1983). There is at present no specific evidence
indicating its general use for detoxifica-
tion/transport purposes in erustaccans although
it is important in vertebrates (Lehninger. 1982),
Serine has been implicated as the main route of
detoxification in the crayfish Cherax desiructor
(Fellows and Hird, 1979) and a serine cycle has
been suggested in other animals (Bishop, 1976).

Other major routes of detoxification com-

monly seen in ammals are de novo synthesis of
purines and urea production. As the crustaceans
Jo not appear 1o possess a functional urea cycle
(Claybrook, 1983), synathesis of this compound
from ammonia is unlikely. Although many crus-
tnceans show periodically high levels of urea in
the haemolymph (up to 28 mmol/L in Holthui-
sany transversa, P, Greenaway, unpublished)
and cxcrete some ured, it is generally a minor
comporicnt of total output. The ability to synthe-
sise purines de nova is also thought ta be lacking
in aquatic crustaccans. The midgut gland is re-
ported Lo form and excreie spherules of uric acid
in several species of aquatic decapods (Fischer,
1926). The small amounts of uric acid excreted
or storcd arc gencrally thought to be derived
from putine catabolism rather than synthesis but
this may necd to be examined mare closely.

ELIMINATION OF WASTE NITROGEN

AQUATIC CRUSTACEANS

There is conclusive evidence from whole ani-
mal studics that ammonia is the chief excretory
product of aguatic crustaceans and that the site
ol excretion is the gills. Gills provide a large and
well ventilated surface and the respired water
carries away excreted ammonia, preventing
development of gradients adverse to excretjon,
Waste nitrogen may arrive at the gills as am-
momnia (usually 99% NH,” and 1% NH,) or in
detoxificd forms such as glutamine and perhaps
other amino acids (see above).

The processes by which ammonia is excreted
have altracted considerable attention; although
much of it has been concerned with osmorcgula-
tory mechanisms rather than excretion (Evans
und Cumeron, 1986; Schoffeniels, 1976). Whilst
the possible mechanisms of elimination of am-
monia are now lairly clear, the actual mecha-
nisms uscd by particular species are seldom so.
It is often extremely difficult technically to dis-
tinguish between potential excretory mecha-
nmisms, and it is frequently unclear whether
apparent mechanisms are primarily osmoregula-
tory or excretory in function as the two systems
may be closely linked. Available data for crusta-
ceans are often fragmentary and patterns gener-
ally have to be copstructed from inadequate data
by comparison with better understood mecha-
nisms in [ish. Potential mechanisms of excrelion
arc presented in Fig, 3 and discussed below.

The high diffusibility of NH; allows loss to the
water by diffusion down its partial pressure
gradicnt cither through or between the epithelial
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FIG. 3. Diagram summarising possible mechanisms
of ammonia elimination 10 aquatic crustaceans,

cells. The driving gradient will be small as NH,
forms only a small portion of total ammonia in
the haemolymph (Kormanik and Cameron,
19814). Only a small proportion of waste is
likely to be lost in this way unless the gradient
can be increased locally by active means (sce
below), Nevertheless, diffusive loss appears to
be the major mechanism in the crab Callinectes
sapidus in seawater (Kormanik and Cameron,
1981D).

Ammonium ions may also be lost directly from
thc haemolymph by diffusion down theirelectro-
chemical gradient. Passive, transmembranc dif-
fusion may be impeded by the electrical charge
of the ion and the pathway taken is probably
paracellular, i.c. through intercellulur channels
and the apical junctions (Kormanik and
Cameron, 1981a). There is no information on the
importance of this route 1n crustaceans bt it is
likely to be minor,

As passive loss of ammonia scems to explain
only a small portion of the total excretion of
ammonia, the bulk must involve an active com-
ponent of transport either into or out of the
epidermal cell. Entry into the epithelial cells of
the gill could be as NH,, NH,*, or detoxificd
ammania (amino acids). The neutral amino acids
(glutamine particularly, serinc und aluninc if
used) would cross the cell membranc readily but
the negatively charged glutamute may require a
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transport mechanism. Ammonia could then be
generated by removal of the amide N of glu-
tamine, deamination of serine and transamina-
tion of other amino acids. NH," could be
transported directly into the cell by Na/K ucti-
vated ATPase with NH,;" substituting for K*
(Towleand Holleland,1987). NH; could enter by
diffusion if the gradient were suitable but with
active generation of ammonia in the gill
epithelium the gradient may well be adverse.

The next step is the elimination of ammonia
from the gill epithelial cells. The mechanisms
proposed to account for this rely on amiloride
sensitive entry into the cell of Na* from the water
via sodium channels in the apical membrane
(Kirschner, 1983). This is thought to create a
potential gradient which favours efflux of either
NH," or H', again through apical ion-selective
channels or antiport mechanisms (Fig. 3) and
results in a coupled I;1 exchange of Na* with
NH,;” or H’. The ultimate driving force is the
operation of basolaterally located Na/K ATPase
(Towle and Kays, 1986) which maintains a low
intracellular [Na] which allows continued apical
influx of Na. Where Na*/NH, " exchange occurs,
the ammonia would be eliminated directly. Inthe
case of Na”/H' exchange the loss of protons
would encourage the dissociation of NH, " yield-
ing H* and NH, and the latter would be lost to
the water down its partial pressure gradient (Fig.
3). If osmoregulatory requirements for uptake of
Na“ exceeded the supply of H™ excretory am-
monia, additional protons could be provided
from bicarbonate via the activity of carbonic
anhydrase.

There is evidence for Na*/NH,” exchange (but
not for Na*/H") in the marine crabs Cancer and
Petrolisthes although it docs not account for all
the ammonia cxcreted (Hunter and Kirschner,
1986). In Uca tangeri, there is evidence for an
apical H™ pump (Krippeit-Drews ¢t al., 19589)
whilst Bigalke (1986) has demonstrated 3
Na’/H™ cxchanger in Eriocheir sinensis. A
Nu“/NH," exchange has also been suggested in
freshwater crayfish (Shaw, 196(}). In Eriocheir
sinensis, o small component of sodium influx
apparently exchanges for NH," (Gilles and
Pequeux, 1986) but in the absence of whole bady
flux data for Na* and NH," it is not clcar what
propartion of total N excretion this could repre-
sent. If nitrogenous excretion is normally much
lower than Na influx perhaps all N could exit by
this mechanism. In scawuter-adapted £, sinensis.
however, sodium influx was absent, so that am-
maonia in scawater animals must have been elim-
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inated by other means (Gilles and Pequeux,
1986), presumably diffusion. In Callinectes
sapitius, there is no evidence of Na'/H' coupling
{Pressleyeral,, 1981) and ammoniaeffluxis also
insensitive to amilonide indicating a lack of
Na/NH," coupling (Kormanik and Camcron,
1981b). It is suggested that ammonia output in
this species is by ditfusion of NH,.

There are then, numerous pnssible routes by
which waste ammonia can be removed, and con-
siderable variability in the way these routes are
aclilly psed by particular crustaceans or even
within a siugie species under different condi-
tions. The osmoregulatory requirements for Na*
transport may well determine which pathways
are used and, in curyhaline specics, salinity may
determinc which is used at a particular time. A
probable patiern for freshwater crustaceans is
described above utilising clectrical coupling of
Na® and H", but in marine crustaccans where
there is no osmorcgulatory requirement for Na©
a different pattern might be expected.

OTHER $ORMS OF EXCRETION

Although ammonia is the dominant excretory
product there are some data indicating low levels
of excrelion ol other materials by aqualic
Crustacea, Thus uric acid spherules are tormed
in cells of the midgut gland and excreted into the
gul lumen in several species of crabs, the
anomuran Porcellana and in Panulirus (Fischer,
1926), In Callinecies sapidus exposed o low
temperature and salinity, crystals of uric acid
appear in the cells and lumina of the lubyrinth
and bladder of the excretory organs (Johnson,
1980). Whether this unc acid is derived from an
excess of uiher purines or synihesised by the
animals is unknown,

Urea appears o be produced in response to
clevated salinity in some crustaccans (Sharma.
1966, 1963, 1969; Knshnamoorthy and Sribiri,
1973) ur:d Horne (1968) has suggested that Car-
disoma guanhumi may excrete urea, Further stu-
dies arc required on the metabolic capabilitics of
these winmals.

TERRESTRIAL CRUSTACEA

In (erresitial arthropods the major excrelory
products are punines and clearly there has been
strong selective pressure for purinotelism in the
tervestrial habitats. [t might be expecled thai the
[errestrial crustaceans would conform to this pal-
tern but the limited information availsble indi-
cales that this is not generally the case.

IsoPODA

The isopods are the most successful of the
terrestrial crustaccans with approximately 1000
species ranging {rom supralittoral to desert hab-
itats. Like their aquatic relatives, they are pri-
marily ammonotelic but with the important
diffcrence thut much of the ammonia excreled is
in gaseous form (Drescl and Moyle, 1950; Har-
tenslein, 1968: Wieser et al., 1969; Wicser and
Schweizer, 1970; Wicser, 1972b). Surprisingly,
there have been no comprehensive investiga-
tions either on the partitioning of cxerction be-
tween the possible routes or the proportinns of
various compounds climinated by cach route.
Dresel and Moyle (1950) partitioned faecal non-
protein nitrogen in several species. Ammonta
was the main mitrogenous product, uric acid
made up 5-10%, amino acids 1-6% with anly
iruces of urea. Faecal ammonia in Porcellio
scaber, however, comprises only 109 of total
ammonia excretion, the other 90% being re-
lcased as a gas (Wieser and Schweizer, 1970).
No duta are available either {or the urinary flow
rate nor the concentration of nitrogenous ex-
cretory products of urine, Nevertheless, the over-
all dominance of gaseous NH; excretion is clear,

Interestingly, excretion of NH, is nol continu-
ous but varics diurnaily with peak cxcretion
coinciding with periods of minimal activity, Itis
argucd that this allows excretion whilst the zni.
mal is resting in a moist microclimate thus min-
imising water loss during volatilization of NH,
(Wieser et al., 1969; Wigser, 1972b). This diur-
nal pattern of excretion may bc cndogenous in
isopods as itisalsoseeninaquaticspecies {Kirby
and Harbaugh, 1974). Excretion in terresirial
isopods also shows scasonal patterns and is af-
fecred by (emperature, presumably via the effect
on general metabolism (Wicser et al., 1969,
Wieser, 1972a, b).

Althought it has been known for 40 years that
volatilisation of NH, is the principal method of
nifrogenous excretion in terrestrial isopods, the
exact nature of the mechanism involved remains
obscure. Given that excretion of NH; is aot
continuous, storage of ammonia between peri-
ads of climination must peear and some metkod
of detoxification of ammonia is indicated. How-
ever, data for routine levels of ammonia (e, 1.5
mmol.L")and amino acids {(¢. 2mmol.L 'yinthe
haemolymph are available only for P. smberI
while ammoniu concentrations of 1-17 mmol.U
and glutamate and glutaminc of 67 mmol.L™*
are reported in homogenales of the body wall of
P. scaber (Wicscr and Schweizer, 1972). Infor.
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mation on detoxification mechanisms is facking
for terrestrial isopods but the presence of glu-
tamine and glulaminase in the body wall of /.
scaher indicates u capucity for generution of
ammonia from glutamine at this sitc (Wieser.
1972¢; Wieser and Schweizer, 1972). Thus glu-
tamine may be involved in ammonia detoxifica-
tion and transport as indced mav other
mechanisms suggested above far aquatic crusta-
ccans. Further investigations are needed on this
matter. Hartenstein (1968, 1970) provided some
evidence for oxidative deamination in Cuescus
aseflus but-amino-pxidase activity was concen-
tratcd in the hepatopancreas which isnot suitably
lucaled for volatilisation of resultant NI,

As ammonia generated will be largely jomsed
at normal pH levcls, the next mater for con-
sideration is its conversion to NHy. One possi-
bility is that NH- is gencrated in the tissues, at
the point of climination, by local alkalinisation
and the NH, diffuscs out into the air down its
partial pressure gradient. Alternatively, NH,”
may be climinated into urine in the excretory
organs or across the body wall into fluid (urine
or pleopod tluid) which is then made alkaline
(Wieser, 1972b) forming NH, which islost Lo the
air. This could be achieved by reabsorption of
protons, This would presumably require ion
Iransport across the epidermis lining the chan-
nels although it could also occur across the
pleopods which have an appropriate ion-(rans-
porting epithelium (Kuemmel, 1981).

A potential mcchanism for production of
mascous NH, which utilises the latter form of
elimination was suggested by Hoese (1981). The
terrestrial isopods possess a network of water-
conducting channels which carry urine, Urnine
released into this system, from the maxilliary
plands, flows along the channels on the dorsal
and ventral surfaces and over Ithe pleopads
before being re-ingesled at the anpus (Hoese,
1981, 1982) and it was suggested that volatilisa-
tion of NH; would be effected during this circu-
Iation. IT release of urine occurred during periods
of inactivity in retreats, water loss from the sys-
tem by spillage and evaparativa would he mini-
mised, This hypothesis is based on obscrvations
of micro-anatomy and fluid 1low und requires
physiological evidence to substantiate it. Thus il
must be shown that the urine released contains
adequale amounts of NH, " 10 explain mcasurcd
ratcs of NH, relcasc. Sccondly, it must be de-
monstrated tixat the {Tuid in the channels aciually
brecomes alkaline as gaseous NH, cannot be re-
feased ntherwise.

The terrestrial isopods examined ull have
deposits of uric acid in the body (Dresel and
Maoyle, 1950), There are no specilic lissues n
which thisis [ocated, as in the freshwarer Aselln
(Lockwood, 1959), und in Oniscus aselhes
deposits are reported as being located in the
‘body wall® (Hartenstein, 1968). The highest
leve) reported iy in Armadillidium (¢, Sumal.g™
wel weight) whilst levels in O, asellus and P,
scaber are almost an order of magnitude lower
(Dresel und Movyle, 1950; Hartenstein. 1968). It
is nol clear whether thuse deposils represent
excess dictary intake of putines or il they have
been synthesised de nove but there are no data
suggesting the presence of synthetic pathways
and Hartenstein (1968) considercd synthesis un-
likely. As uricolytic enzymes are present in O.
asellus (Haricnsicin, 1968) storage of uric acid
cannol be considered obligatory and must per-
form some useful metabolic role.

AMPHIFODA

There are numerous species of terrestrial am-
phipods. in the Family Talitridae, ranging from
supra-littoral to tully terrestrial, The latter are
best represented in the Southern Hemisphere,
particularly Australia and New Zealand (Hurley,
1968) where they are extremely abundant in
forestand grassland habitats well mland. Knowl-
cdge of their nitrogenous excrenion is poor. Inthe
supra-littoral Orchestia, ammonia makes up the
major portion of fuecal non-protein pitrogen
(Dresel and Movic. 1950) bat it is not known
what portion of tital nitrogen cxcretian this rep-
resents. Neither 1s it clear from this work il
Orchesira excretes pascous NH,. Further work
is needed on this group, particularly on the ter-
Tesirial specics,

In the {reshwater cave dweller Niphargus,
spherules of uric acid are stored in special cclls
on the pericardial septum where the urates bind
a variety of anions and cations (Graf and Mi-
chaut, 1975). These arc considered to be reserves
of purine ard 0ns for metabolic usage rather
than deposits of waste nitrogen derived from
protin caiabolism (Graf and Michaut, 1975).
Data arc lacking for werrestrial species.

ANOMITRA

The Anomura are represented on land by the
Coenobilidae, and include the Robber Crab, Bir-
gus latro. and twelve species of shell-carrying
hermit crabs, Coereobua, same of which nccupy
supra-littoral nichcs whilst others range infand
(Hartnoll, 1988). Nitrogenous excretion has
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TABLE 2. The chief excretory products and their routes of excretion in Gecarcoidea

natalis, Geograpsus grayi and Birgus latro.

% Total % N Qutput % N Outpul as

Route N output as Ammania Uric acid
Gecarcoidea natalis

Faeces 190 67.03

P 604 737

Gas 11.1 10040

Total 91.5 2.95
Geograpsus grayi

Faeces 2.2 276

P 3.5 633

Gas 033 1000

Total an.e 0.75
Birgus latro

Faeces 96.2 11.9 826

P 02

Gas KR 100.0

Total 152 9.5

been studied only in B. latro (Greenaway and
Morris, 1989).

B. latre is uricotelic and solid uric acid, ex-
creted in the faeces, comprises about 80% of
total non-protein nitrogenous excretory waste.
The remaining faecal excretory nitrogen is
largely ammonium (11.9%) with some free
amino acids and urea (Greenaway and Morris,
1989). Loss of nitrogen in the excretory fluid or
as gaseous NH; is insignificant (Table 1).

Uric acid appears as separate white portions of
the faecal string, quite separate from the brown
faeces comprised of food residues. Excretion is
cpisodic with uric acid released into the gut in
distinct bouts of cxcretion. Homogenates of the
midgut gland contain xanthine oxidasc, the
enzyme responsible for the final step in the con-
version of purine bases to uric acid and the
midgut is presumed to be the active siie in the
final stage of uric acid production. B. {atre can
synthesise purines de novo but nothing is known
of the metabolic pathways concerned.

Starved B. [atro excrete uric acid at an un-
diminished rate and may mectabolise prolein
during inanition. The observed output could also
result from excretion of uric acid stored within
the body (see below).

Large amounts of uric acid arc stored by A.
latro particularly in laboratory-maintained ani-
mals (Greenaway and Morris, 1989). Extensive
white deposits occur in all tissues but it is not
clear whether the urate is free in the haemocoel,

or is contained in special ‘urate’ cells as de-
scribed for the amphipod Niphargus (Graf and
Michaut, 1975). White deposits have also been
observed in Coenobita brevimanus (P. Greena-
way, unpubi, obs,). The functional significance
of urate reserves is unknown but, given that B,
latro can excrete uric acid, their maintenance
must perform some useful metabolic role. This
may be to act as a mobilisable nitrogen reserve
for synthesis of amino acids or perhaps as anion
store prior to ccdysis or modulation of
haemolymph ions during dehvdration.

BRACHYURA

The land crabs are drawn from some 16 differ-
ent families and range from amphibious to
highly terrestrial in habit (Bowman and Abele,
1982: Hartnoll, 1988).

(GJECARCINIDAE. Early work on Cardisoma
guanhumi discounted the urine as a significant
vehicle for excretion (Horne, 1968; Gifford,
1968). Subsequent work has confirmed low uri-
nary nitrogen concentrations (Wolcott and
Wolcott, 1987a; Wolcott D.L., pers. comm.;
Greenaway and Nakamura, in press) but this has
little relevance to excretion as urine in land crabs
is not the final excretory fluid and is passed inta
the branchial chambers. Here it may be exten-
sively modificd before being released as a final
excretory fluid (P) (Wolcott and Wolcott, 1984,
1985; Greenaway et al., 1990) in which [NH,*]
is considerably elevated (Wolcott and Welcott,
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1987b; Greenaway and Nakamura, in press),
This NH," must be added to the urine during its
residence in the branchial chambers. presumably
via the gills but the mechanism is unknown, Anv
of the mechanisms described above for aquatic
crustaceans could be utilised wath the urine pro-
-.-iding ions for exchange (Fig. 4). The maximum
[NH,*] recorded in P of G. naralis was 73
mmol.L', but the average was much lower al ¢,
11 mmol.L! (Greenaway and Nakamura. in
press) and similar values are reported for ather
zecarcinids (Wolcott, D L., pers, comm. ).

In Gecarcoidea natalis. the chicf excretory
product is ammania which makes up 92% ol the
non-protein nitrogen exercted. Thisiscliminated
largely in the cxeretory fluid (70%) and the
remainder cxits as gaseous NH, and faccal nitro-
ren (Greenaway and Nakamura, in press; Table
2). The small amount of excretion of gascous
NH, (Table 2) may well have originated from
facces and/or P by direct volatilisation. No sig-
nificant excretion of gaseous NH, was reporied
from C. caraifex(Woad and Boutilier, 1985) and
while Horne (1968) reported considerable
gaseous excretion by C. guaniauni no supporting
data were offered.

Routine excretion in geearcinids is as NH,* in
the final excretory fluid. Total nitrogen cxcretion
is relatively low (Horne, 1968; Gitford, 1968:
Wolcott and Wolcott, 1987b; Greenawayv and
Nukamurs, in press) and the [NH,"] of P is
normally low enough o avaid toxicity problems
although bload lcvels are quite high (Tuble 1),

All species of gecarcinids studied contain
deposits of uric acid (Gifford, 1968, Wood and
Randall, 1981: Greenaway and Nakamura, in
press), Amounts are very variable but appear 1o
be related to dict and accumulation is greatest in
luboratory specimens (Wolcott and Wolcott,
1987b). Gifford (1968) considered that uric acid

zposits cxist free in the haemocoe) but histo-
logical evidence forthis s fucking. The origin of
the deposits is unclear but it is unlikely that they
are derived solely Irom excess dictary purine
compounds and de novo synthesis must be a
possibilily. As wilh Birgus latro some useful
metabolic function of the reserves must be as-
sumed as Most crustaccans possess urncolyic
enzymes and could degrade the deposits and
excrele ammonia,

GRAPSIDAE The only other land crab in which
nitrogenous excretion has been studied i Gee-
grapsus grayi, a small carnivorous species with
arclatively high rate af nitrogenous exeretion (¢,
100 umol kg " b'') (Greenawiy and Nihamura,

inpress). G, grayiisulso ammonotelic but difters
from the geearcinids in excreting most of its
waste nitrogen as gascous NH, (Table 2). Re-
lease of gas is not continuous and the ¢rab alter-
nates between houts of excretion lasting several
days und similar periods of minimal cxcretion. It
is prabable that protein catubolism is vngoing so
ammonia must be detoxified and temporarily
stored between bouts of excretory activily.
Possible metabolic pathways were outlined
above. Excrction of gascous NH, by starved
animals is similar to that of ted crabs indicating
continued catubolism of protein during starva-
tion (Greemaway and Nakamura, in press).
Elimination of NH, probably occurs in the
branchial chambers where the gills provide a
farge surface area of cpithclinm with an ultra-
structure swiled for ion transport (Greenaway
and Farrelly, 1990) and the urine again could
provide a source of ions to fucl any cxchange
processes which may be involved. Ammonia
could be lost disectly in paseous forny or passed
into the ¥ as NH,* and lost as NH; following
alkalinisation.

The possibility of conflicts between ion regu-
lutory requirements and nitrogen excretion
should be considered in brachyurans. The mech.
anisms ol elimination of ammonia described
above (Fig. 4), depend on activity of basolateral
Na/K-ATPase and the entry of sodium ions from
the fuid bathing the gills (in this case vrine). In
salt replete animals, sodium is not reabsorbed
from the urine (Wolcott and Wolcott, 1985; Tay-
lor, Greenaway and Morris, unpubl. data) and
this could block ammonia excretion, Greates!
difficulty would be expericnced by animals on a
dict rich in both sulf and nitropen. Debydration,
toa, could cause excretory prablems s reduction
and cessation of {low of excretory fluid watild
first elevate [NH,"], perhaps to toxic levels, and
finally climinate excretion. Such reduction in
urine flow occurs during desiccation in the ge-
carcinids (Kormanik and Harris, 1981). In Car-
disoma carnifex, ammonia excretion ceases
during desiccation but is clevated on rehydration
suggesting intcrim storage in non-toxic form
(Wood et al., 1986). Uric acid, amino acids or
protein could be utilised for this purpose, These
problems could also occur inisupuds if exeretion
reles on ammoniutn being excreted into the
urine oracross the gills into & urine or water tilm.

ASTACIDRA

There are numerous species of semi-lerresttial
freshwaater crayfish in Australia and N. America
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whicli myy spend long perisds wighou free
waler, e,z Engdcus, Cherax. Nothing is known
of their excretory patteras dwiing aernial espo-
SuTe.

CONCLUSIONS

Inaquatic crustaceans, the main exerelory pro-
duct {s ammonia which is excreted across the
2illsinto the respiratory waterstreanyand curricd
awuy, This ensures thal the cxiernal ammonia
cancontration is always low and there is o
lavourable gradien for excretion and no prob-
lems of toxicity, By contrast ferrestinl arthro-
pods, other than cruslaceans, are musty
purinotelic and the overriding selective fuctor
iuvouring this, is believed to have been the con-
servation pf bady water. Purines may be eXereted
in crystalline form in the facces with minimum
accompanying water loss, an important factor in
the maintenance of waler badance af small ani-
mals in a desiccating enviropment, OF the ter-
restrial erustaccans examined only nne spucies is
clearly purinotelic (Birgus laire) and, aljhough
many more species seem Lo have an active purine
metabolism, their dominant excretory product is
ammonia. Comparatively few errestrial species
have been examincd and while further work may
reveal a few additional purinotelic species, the
proup appears to be predominantly am-
monotelic.

It is of interest o consider how far the various
groups of terrestrial crustaccans have diverged
from the typical aquatic pattern and moved
towards the terrestrial system. In this we are
hampered by the relative lack of information on
excretion in terrestrial groups.

The gecarcinid crabs appear 10 have diverged
least from the aquatic pattern. They continue to
excrete ammonium across their gills und us res-
piratory water is not available they utilise the
excretory fluid from the antennal orpuns, The
volume of urine produted is limited, however,
und this nccessitates quitce high concentrations of
ammomia in Lhe branchial chambers and may
result i an adverse electrochemical gradient
across the gill epithclium, Urine tlow is tied to
overall water balance rather than excretory re-
quirements and this may causc excretory diffi-
cultics necessitating temporary starage of wuste
nitrogen in negative waler balance.

Geograpsus grayi and terrestrial isopods hive
departed further from Ihe aquatic pattern and
have solved the loss of the respirstory water as
an excretory vehicle in a ditferent manner. They
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religin the respiratory mediem as a vebicle for
excreting by releasing gascous NH, Air Now
over the body or through the branchial chambers
zflcclively prevents the buildup of ammaniza
next W the excrelory surface maintaining a
favourable gradient for excretion. Until this
mcchanism of excretion is better understood it
will not be puossible lo say how much inde-
pcndence from water it allows. Actual elimina-
tion of NH, may first require transport of NH,*
inta the excretory uid for conversion o NH, or
may bc direct from the cxcretory epithelium,
Lxcretion of gascous NH,; may be scen as an
advance in terrestrinl adaptation over that shown
by gecarcinids.

Excretion in Birgus latro shows a cemplete
break from the aquatic patlern of ammaonolelism.
The elimination of nitrogenous waste as uric acid
and the associated ability to synthesise purine is
a major evolutionary advance and places this
species al a similar level of adaptation to the
other major groups of terrestrial arthropods.

Why have terrestrial crustaceans refained am-
monotelism whilst other terrestnial arthropods
have not? The main considerations may be the
restricted metabolic pathways present at the
onset of terrestrial fife and the period of evolu-
tion spent on land. As aquatic species are gm-
monotelic and probably lack synthetic pathways
for both purines and urca, colonists would thus
begin lerrestrial lifc exereting ammoniunyagross
the gitls and this would be expected to influence
both behaviour and habitat selection. Moist mi-
croclimates such as leaf litter and rainforest
would be favoured and activity restricted to
moist conditions so that adequate excretory fluid
would be available for climination of ammonia.
Such habitats are characteristic of terrestrial am-
phipods, isopods und crabs, and although several
species live in xeric habitats, their activity is
restricted and the animals have a humid retreat
of burrow, [t would be naive, however, to assuime
that limitations of the excretory system ane re-
sponsible for the restricted habitats occupied c.g.
Birgus latro has a system well tailored for ter-
restrial life but vecupies similar habitats to other
terrestrial crabs. Limitutions of the reproductive
and osmorcgulatory systems under terrestrial
conditions could equally well affect distribution.
Giventhe habilat in which the animals are found,
excretinon of various forms of ammaniz is
feasible and may be advantageous as it carries a
minimal energetic cost and requires only small
changes to existing systems whilst efficiently
excreting waste pitrogen
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The apparent lack of synthetic pathways for
excretory materials may mcan that i long period
of evolution on land and strong sclective pres-
suve lo penetrate drier habitals is necessary
before typical terrestrial patterns of excretion
can be developed. Fossil evidence. although
(ragmentary, suggests that most groups of ter-
restrial crustaceans are relatively recent (and in
snme cases ongoing) colonists of land (Warner,
1977 Little, 1983).

The mechanisms of detoxificution, trunsport
and elimination of nitrogenous waste all require
further study, particularly in the terrestrial spe-
cies. In particular the significance of uric acid
deposils is far from clear and we need (o clarify
both this aspect and the origins of the uric scid
(dietary or synthesised?), The occurrence of
purinotelism should also be investigated and in-
vestigations of the xcric-adapted forms such as
the desert isopods Hemilepistus and Venezillio,
the hermit crabs Coenobita clypeatus and C.
rugosus, and the brachyurans Holthuisana trans-
versa and Potamon potamios may be rewirding.
Additionally, some terrestrial groups have not
been studied at all (Amphipoada and craylishes)
and should reward future investigation,
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